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Abstract 
This study investigates the regeneration of spent Ti/Zn, Cu/Mn, and Pt/Pd catalysts with 0.01 N H2O2 chemical treatment. 
The conversion efficiencies of C3H6 by Ti/Zn, Cu/Mn, and Pt/Pd catalysts were significantly improved from 22%, 35% 
and 63% to 60%, 50% and 85%, respectively after regeneration. Chemical regeneration of spent catalysts by H2O2 was 
effective to remove the poisons caused by the organic carbons, sulfides and chlorides, but the concentrations of H2O2 
should be carefully controlled to avoid the over oxidation and erosion. The BET surface areas or pore volumes of 
regenerated catalysts were increased, and the XRD peak intensities of metal sulfides (Ti3S4, ZnSO4, CuS, Cu2S, MnS2, 
MnS, PtS2) and chlorides (TiCl3, ZnCl2, MnCl2, PtCl2, PtCl4, PdCl2) in regenerated catalysts were reduced or disappeared. 
These metal sulfides and chlorides were converted to metal oxides (TiO2, Ti3O5, ZnO, ZnO2, CuO, Cu4O3, MnO2, Mn3O4, 
PtO2, Pt3O4, PdO). 
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1. Introduction 
Along with the fast development and wide application of catalysis technology, the amounts of different 
spent catalysts are increased year by year. The spent catalysts are usually treated as the harmless industrial 
waste, but their characteristics are varied in different processes and conditions. Nowadays the major treatment 
methods for the spent catalysts in Taiwan are recovering the precious metals by metallurgy processes or direct 
reuse for the construction materials. These ways not only waste the valuable resources, but also consume 
more energy. If the spent catalysts can be regenerated and activated effectively, they can be reused with 
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higher values and economic efficiency[1-3].  
Chemical treatment is one of the popular regeneration methods of spent catalysts. Various acid or alkaline 
solutions were used to regenerate the spent catalysts in the related references, such as oxalic acid, HCl, HNO3, 
NaOH, H2SO4, VOSO4, (NH4)2WO4, acetic acid, and citric acid. The major function of these acid solutions in 
catalyst regeneration is to remove the blocked carbons or poisoned residues from the spent catalysts. The 
effects of different chemical reagents, concentrations, and operation conditions on catalyst regeneration are 
varied with  the different spent catalysts (active metals and compositions) [4-8].  
2. Experimental 
2.1. Chemical regeneration methods 
Three catalysts Ti/Zn, Cu/Mn, and Pt/Pd supported on honeycomb ceramics were used to carry out the 
deactivation experiments with different poisons (VOCs, SO2, HCl). The spent catalysts were observed and 
analyzed the variations of different characteristics. Nine samples for catalyst regeneration were cut and taken 
from the spent catalysts with uniform dimension of 1cm(L)×1cm(W)×6cm(H) and the weight was 1 gram. 
Each sample was immersed in 20 ml chemical reagents (H2O2) with the concentration of 0.01N. The chemical 
reagent and concentration used in this study were obtained from our previous studies. All the vessels were 
rotated and shaken for 1.5 hrs. The pH values of chemical reagents during catalyst regeneration were 
measured and recorded. After chemical regeneration, the catalysts were dried at 105 oC for 2 hrs and weighted. 
2.2. Catalyst analysis and activity test 
The physical and chemical characteristics of spent and regenerated catalysts were analyzed and compared. 
The Brunauer Emmett Teller (BET) surface area and pore size diameter of the catalysts were measured at 
77K by the gravimetric methods with a vacuum microbalance (Micromeritics: Gemini 2360). The surface 
structure and the accumulation of contaminants on the surface of reacted catalyst were observed by a scanning 
electron microscope (SEM, TOPCON: ABT-150S). The compositions and relative amounts of elements on 
the surface of catalyst were determined by an energy dispersive spectroscopy (EDS, LINK: exLII) with a 
Kevex superdry detector. An X-ray powder diffractometer (XRPD, SIEMENS: D5000) with a Cu K  
radiation was used to identify the crystalline species on the catalysts. 
A catalysis reaction system was set up to measure the activity of spent and regenerated catalysts. The 
experimental equipments are composed of pure gas cylinders (C3H6 and air), mass flow meters, a quartz 
reaction tube, an electric heater, and a programmable temperature controller. A on-line FID analyzer of VOCs 
(Thermo Scientific, TVA-1000B) and a NDIR analyzer of flue gas (HORIBA, PG-250) were used to 
continuously monitor the concentrations of C3H6, CO, O2, CO2, and NO in the effluent. The total flow rate 
and concentration of C3H6 gas were controlled at 900 ml/min and 800 ppm, respectively. The reaction 
temperature was controlled at 200 oC. 
3. Results and discussions 
3.1. Characteristics of spent catalysts 
Table 1 shows the BET surface areas, pore volume, and average pore size of spent catalysts. The BET 
surface areas of spent catalysts were all small, which indicated the surface and pores of catalysts were blocked 
with ashes, carbon, residues or poison reactants. Catalyst fouling is one of the major mechanism of catalyst 
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deactivated. The BET surface areas of spent Pt/Rh catalyst were larger than those of Ti/Zn and Cu/Mn 
catalysts. Figure 1 shows the SEM pictures for the surface morphology of spent catalysts. It can be observed 
that there were many particles accumulated on the surface of spent Ti/Zn catalysts. The aggregations of active 
metals Ti/Zn, Cu/Mn, and Pt/Pd on the spent catalysts were also evident. 
The results of EDS analyses indicated that the major poison elements on the spent catalysts were carbon, 
sulfur, and chlorine. This results are coincident with previous studies. The XRD patterns of spent catalysts 
illustrated that the dominated species on the spent catalysts was SiO2 with the specific peak at 2 = 21.6°. The 
specific peaks of TiO2 , ZnO2, CuO, Mn3O4, Pt3O4, PdO, and PtO2 were all appeared in the XRD patterns but 
the peak intensities were relatively lower.  
Table 1. The surface area and pore size of spent and regenerated catalysts 
Spent catalysts Specific surface area (m2/g) Pore volume (cm3/g) Pore diameter (Å) 
Ti/Zn-1 5.21 0.0002 1.60 
Cu/Mn-1 2.92 0.0002 4.03 
Pt/Pd-1 10.18 0.0019 7.48 
Ti/Zn-2 5.49 0.0002 1.74 
Cu/Mn-2 4.13 0.0002 2.08 
Pt/Pd-2 7.16 0.0017 9.72 
Ti/Zn-3 4.33 0.0002 1.83 
Cu/Mn-3 3.91 0.0002 2.33 
Pt/Pd-3 10.68 0.0025 9.35 
3.2. Activities of regenerated catalysts  
The activities of spent and regenerated catalysts were evaluated by the conversion efficiency of C3H6. The 
results are shown in Table 2. With the regeneration by 0.01N H2O2, the conversion efficiencies of C3H6 by 
Ti/Zn-1 catalysts increased from 22% to 60%. The activities of spent Ti/Zn-1 catalysts were much improved 
by 38%. For Cu/Mn-1 catalysts, the conversion efficiencies of C3H6 increased from 35% to 50%. For Pt/Pd-1 
catalysts, the conversion efficiencies of C3H6 slightly decreased from 96% to 94.2%.  
As to the spent catalysts poisoned by sulfur dioxide or hydrogen chloride, the conversion efficiencies of 
C3H6 were much lower than those spent catalysts poisoned by VOCs. The influences of sulfur and chlorine on 
the catalyst poisons are more significant and important. For Cu/Mn-2 and Pt/Pd-2 catalysts, the conversion 
efficiencies of C3H6 were increased from 35% and 90% to 50.2% and 95.7% respectively after H2O2 
regeneration. For Ti/Zn-3, Cu/Mn-3 and Pt/Pd-3 catalysts, the conversion efficiencies of C3H6 were greatly 
improved from 29%, 23% and 63% to 32.5%, 40% and 85.4% respectively after H2O2 regeneration. These 
results indicated that the chemical regeneration of spent catalysts by H2O2 was effective to react with and 
remove the poisons caused by the organic carbons, sulfides and chlorides.  
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Table 2. Conversion efficiencies of C3H6 by spent and regenerated catalysts 
Catalysts Conversion efficiency of C3H6 by spent catalysts 
Conversion efficiency of C3H6 by 
regenerated catalysts 
Ti/Zn-1 22.0 % 60.0 % 
Ti/Zn-2 27.0 % 42.0 % 
Ti/Zn-3 29.0 % 32.5 % 
Cu/Mn-1 20.0 % 34.9 % 
Cu/Mn-2 35.0 % 50.2 % 
Cu/Mn-3 23.0 % 40.0 % 
Pt/Pd-1 96.0 % 94.2 % 
Pt/Pd-2 90.0 % 95.7 % 
Pt/Pd-3 63.0 % 85.4 % 
3.3. Characteristics of  regenerated catalysts  
The characteristics of regenerated catalysts were analyzed and compared with those of spent catalysts. The 
BET surface areas of Ti/Zn catalysts were increased from 5.21, 5.49, and 4.33 m2/g to 11.34, 7.88, and 17.55 
m2/g, respectively. The BET surface areas of Cu/Mn catalysts were increased from 2.92, 4.13, and 3.91 m2/g 
to 3.42, 5.07, and 5.00 m2/g, respectively. The BET surface areas of Pt/Pd catalysts were decreased from 
10.18, 7.16, and 10.68 m2/g to 9.65, 8.34, and 5.67 m2/g, respectively; but the pore volume of regenerated 
Pt/Pd catalysts increased. Regeneration of spent catalysts by H2O2 is effective to recover the activity of 
catalysts, however, the concentrations of H2O2 should be carefully controlled to avoid the over oxidation and 
erosion.  
The SEM pictures of regenerated catalysts showed the accumulated carbons or residues were washed out 
and removed by H2O2 solution. The EDS results also indicated that the intensities of carbon, sulfur, and 
chlorine on the regenerated catalysts were decreased. The XRD patterns of regenerated catalysts also show 
that the peak intensities of metal sulfides (Ti3S4, ZnSO4, CuS, Cu2S, MnS2, MnS, PtS2) and chlorides (TiCl3, 
ZnCl2, MnCl2, PtCl2, PtCl4, PdCl2) were reduced or disappeared. These metal sulfides and chlorides were 
converted to metal oxides (TiO2, Ti3O5, ZnO, ZnO2, CuO, Cu4O3, MnO2, Mn3O4, PtO2, Pt3O4, PdO).  
4. Conclusions 
This study investigates the regeneration of spent Ti/Zn, Cu/Mn, and Pt/Pf catalysts with 0.01 N H2O2 
chemical treatment. The conversion efficiencies of C3H6 by Ti/Zn, Cu/Mn, and Pt/Pd catalysts were 
significantly improved from 22%, 35% and 63% to 60%, 50% and 85%, respectively after regeneration. The 
chemical regeneration of spent catalysts by H2O2 was effective to react with and remove the poisons caused 
by the organic carbons, sulfides and chlorides, but the concentrations of H2O2 should be carefully controlled 
to avoid the over oxidation and erosion. The BET surface areas or pore volumes of regenerated catalysts were 
increased, and the XRD peak intensities of metal sulfides (Ti3S4, ZnSO4, CuS, Cu2S, MnS2, MnS, PtS2) and 
chlorides (TiCl3, ZnCl2, MnCl2, PtCl2, PtCl4, PdCl2) in regenerated catalysts were reduced or disappeared. 
These metal sulfides and chlorides were converted to metal oxides (TiO2, Ti3O5, ZnO, ZnO2, CuO, Cu4O3, 
MnO2, Mn3O4, PtO2, Pt3O4, PdO). 
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